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INTRODUCTION 
The high-strength alloys used in the aerospace industry today are inspected 
ultrasonically for material anomalies which may have resulted from the manufacturing 
process. These materials, such as titanium alloys, often have a !arge macro-grain 
structure which Iimits the sensitivity of the ultrasonic inspection to material anomalies. 
As a result, there has been much work directed towards developing inspection techniques 
which minimize the Ievel of the reflections from the macro-grains and enhance the 
reflections from the material anomalies. In particular, the affect of transducers 
parameters such as transducer bandwidth, focus, and frequency on the signal-to-noise 
ratio of synthetic anomalies in titanium alloys has been investigated [1-3]. This 
investigation showed that the Ievel ofthe grain noise relative to a known calibration target 
decreases in Ti-AI6-V4 (Ti6-4) and Ti-Al5-Sn2-Zr2-Mo4-Cr4 (Ti17) and the signal-to-noise 
ratio of synthetic anomalies with planar geometries in Ti6-4 increases as the volume of the 
ultrasonic pulse in the material decreases. This paper will extend these results to planar 
synthetic anomalies in Ti17 and non-planar synthetic anomalies in Ti6-4. In addition, a 
transducer design methodology for high sensitivity inspection based on managing the size 
ofthe uhrasonie pulse volume is presented and the implications ofusing this method for 
production inspections are described. 
BACKGROUND 
NDE applications in the aircraft engine industry often require the inspection ofthick 
(>3") segments of material to a high (1/64" FEH) sensitivity. There are currently several 
methods for approaching this problern including phased arrays [ 4], time reversal mirror 
imaging [5], and zoned inspection using conventional focused transducers [6]. All ofthese 
approaches involve the use of subsurface focused sound beams to inspect the material. For 
all these approaches, the beam diameter and frequency ofthe transducer are parameters 
which can be adjusted to improve the sensitivity ofthe inspection. Early work 
demonstrated an improved detectability of synthetic hard-alpha inclusions with low acoustic 
reflectivity in titanium by using high er frequency and smaller beam diameter transducers 
[1]. An expression which can be attributed to O'Niel [7] shows that the 0.50 amplitude 
contour (-6 dB) defining the beam diameter, E, is given by 
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where d is the diameter of the transducer element, F is the focal length produced in the 
medium adjacent to the lens (typically a fluid such as water), and l is the mean wavelength 
in the fluid. Similar expressions for the -3 dB and -1 dB beam diameters can be written 
simply by changing the constant in equation (1) to 0. 74 and 0.43 respectively. 
Basedon the results ofthe work in [1] and equation (1), two experimental studies were 
conducted. In the first, a set oftransducers was procured which would independently 
quantify the affect ofbeam diameter and frequency on the signal-to-noise ratio (SNR) of 
planar reflectors in Ti6-4. This work showed that the SNR of these targets was improved 
by both decreasing the beam diameter and increasing the frequency of the transducer [2]. 
In the second, an experimental method for quantifying the volume of material interacting 
with the sound beam at a moment of time was defined. This method was then used to 
measure the pulse volume of a set of transducers which were considered typical for the 
inspection of titanium. The same transducers were then used to collect grain noise data 
for T6-4 and Ti17 samples. The results showed that the amplitude ofthe grain noise with 
respect to a known calibration target increased as the pulse volume increased [3]. 
EXPERIMENTAL PROCEDURE 
Since the work in [2] was limited to planar targets in Ti6-4, experiments were 
conducted to extend the results to other alloys and non-planar targets. As in [2], 
measurements were made using a set oftransducers with varying design parameters (Table 
1). The transducers were all procured from a single manufacturer, and were selected to 
isolate the effects of two primary design parameters: frequency and beam diameter. This 
was accomplished by collecting transducers where one of the parameters is approximately 
constant and the other varies. The measured transducer frequencies listed in the table are 
experimentally determined center frequencies. The measured beam diameters are the 
result of averaging the -6 dB beam width in two mutually perpendicular directions from 
eight 1/64" (0.016") diameter flat-bottom hole (FBH) targets at 1" metal travel in a Ti6-4 
sample block with the transducer focused 1" below the entry surface. 
C-scan data were collected with these transducers using the sample blocks configured 
as shown in Fig. 1. One of the blocks was fabricated out offorged Ti17 and contains FBH 
targets ofdiameters 1/64" (0.4mm), 2/64" (0.8mm), 3/64" (1.2mm), and 4/64" (1.6mm) 
arranged as shown in Fig. l(a). The holes were located 1" (25.4mm) below the inspection 
surface. A second block was also fabricated out of a Ti17 forging and contains cylindrical, 
uncracked, unvoided, 2. 7% N, synthetic hard alpha inclusions located at 1" (25.4mm) metal 
travel [8]. These inclusions are arranged in the pattern shown in Fig. 1(a) and range from 
2/64" to 5/64" (2.0mm) in diameter. They have effective reflectivities, when compared to a 
FBH ofthe same size, ofless than 20%. A third sample blockwas fabricated out ofTi6-4 
Table 1: Nominaland measured parameters for the transducers used in the study. 
Transducer f(MHz) d (in.) F (in.) e (in.) 
Nominal Measured Nominal Measured 
A 2.25 2.3 1.5 6.0 0.107 0.096 
B 3.5 3.1 1.0 6.0 0.103 0.104 
c 5.0 4.5 0.75 6.0 0.097 0.100 
D 5.0 4.9 1.0 6.0 0.072 0.069 
E 5.0 5.1 1.25 12.0 0.116 0.116 
F 5.0 4.5 1.5 18.0 0.145 0.143 
G 5.0 4.7 1.5 6.0 0.048 0.050 
H 7.5 6.6 0.7ey 9.0 0.097 0.096 
I 10.0 9.2 0.75 12.0 0.097 0.096 
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Fig. 1: Diagrams showing target placement for the planar sample blocks and the non-
planar synthetic inclusion sample block. 
ring-rolled forging material. This block contained several different targets at 1" meta! 
travel which were meant to more closely simulate the morphology of naturally occurring 
defects. All of the targets in this block are non-planar with respect to the sound entry 
surface and are arranged in the block as shown in Fig. l(b). The group oftargets marked A, 
C, and D are 0.050"x0.100" (1.25mm x 2.5mm) diameter, 0.5" (12.5mm) long, 5.2% N 
synthetic hard-alpha right, elliptical cylinders arranged with the axis ofthe cylinder 
parallel to the sound entry surface. In order to simulate an inclusion broken up by the 
forging process, the cylinders in group C were sliced into 5 segments, offset in the meta!, 
and separated by an aluminum oxide to prevent bonding during the HIP'ing process. The 
targets in group D were processed such that a nitrogen diffusion zone formed around the 
cylinders. The targets ingroupBare 0.182" (4.6mm) diameter tungsten-carbide spheres. 
When collecting all the C-scan images, the water path was set such that the transducer 
focused 1" deep in the material. Example images for each block taken with the 5 MHz, F/6 
transducer are shown in Fig. 2. An 8 JlS gate centered around the targets was used to 
collect data for the 1/64" and 2/64" holes, the 5/64" and 4/64" inclusions, and the targets in 
groups B and C ofthe non-planar target block. System attenuation settings were adjusted 
suchthat the largest target echo occupied 80-90% ofthe system dynamic range. From this 
data, SNR's for each target were calculated using 
(2) 
where P8 is the maximum value in the region ofthe signal, Jl0 and cr0 are the mean Oocation) 
and standard deviation (scale) of the log-noise distribution in the area surrounding the 
signal, and K is a constant chosen to appropriately estimate the maximum value ofthe 
noise. The individual SNR's were then averaged for each target type. 
EXPERIMENTAL RESULTS 
Signal to Noise Ratio 
In general, the results agreed with those discussed in [2]. Figure 3(a) shows the data 
for the constant beam diameter, varying frequency transducer group on the planar targets 
in the Ti17 sample blocks. This graph shows that SNR increases with frequency for these 
targets. Figure 3(b) shows similar data for the constant frequency, varying beam diameter 
transducer group. In general, SNR decreases with increasing beam diameter for these 
targets. The only exception was for the synthetic hard-alpha inclusions at the smallest 
beam diameters. Here the curves appeared to flatten out. This is believed to be related to 
the effects ofthe microstructure on the beam pattern. This effect is being investigated 
thoroughly in [9-10] and it is believed an explanationoftbis behavior will come from this 
work. Figure 4(a) shows the results for the Ti6-4 block with the non-planar targets for the 
constant frequency, varying beam diameter transducer group. Here the SNR once again 
decreases for increasing beam diameter. The results for the constant beam diameter, 
varying frequency group are shown in Fig 4(b). Here we see the SNR reaching a minimum 
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Fig. 2: Imagestaken of sample blocks using the 1" diameter, 6" focallength, 5 MHz 
transducer. 
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Fig. 3: Signal-to-noise ratio data taken on planar targets at 1" metal travel in Ti17 
sample blocks. 
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Fig. 4: Signal-to-noise ratio data taken on non-planar targets at 1" metal travel in a Ti6-4 
sample block. 
at 5 MHz, and increasing from both sides ofthat point. This result was also seen to a 
lesser extent for the 2/64" FBH's in Fig. 3(a) and for the 5/64 inclusions in [2]. This 
phenomenon seems isolated to the larger targets and doesn't appear in the sensitivity data 
from the smaller targets which are the main focus of this work. 
Amplitude Response 
While a SNR approach is the best way to evaluate improvements in the detection of 
target signals, it is not the most prevalent material acceptance criterion used in the 
aerospace industry. A majority of tests make material acceptance decisions based on 
signal amplitude relative to a known calibration target. In light ofthis, it is important to 
analyze the results above and in [2] in terms of amplitude. Tothat end, the amplitude of 
each targetrelative to a 1/64" FBH was recorded and averaged for each target type. These 
amplitude values are plotted in Fig. 5 for each ofthe two transducer groups. Figure 5 
shows a trend which is opposite to the SNR trends. Here the amplitude relative to the 
1/64" FBH increases for increasing beam diameter and decreases for increasing frequency. 
This is an important result for those using an amplitude only material acceptance criteria. 
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Fig. 5: Amplitude responserelative to a 1/64" FEH taken for non-airbacked targets at 1" 
meta) travel in Ti6-4 and Ti17 sample blocks. 
COMMENTS ON RESULTS 
When viewing the results presented in Figs. 4 and 5, it would be easy to conclude 
that the best test for titanium would use low frequency and !arge beam diameter 
transducers. These results are misleading, however, because they do not take into 
consideration the fact that what improves detection for small or low-reflectivity targets is 
the amplitude ofthose targetsrelative to the grain noise Ievel rather than a calibration 
FEH. This point is illustrated in Fig. 6 where the maximum amplitude ofthe grain noise 
is plotted with respect to the amplitude ofthe 5/64" synthetic hard-alpha inclusions in the 
Ti17 sample block. This clearly illustrates how the Ievel of grain noise relative to the 
inclusions increases for decreasing frequency, reducing the SNR and detectability of the 
inclusions at lower frequencies. Similar plots to Fig. 6 could be made for all the data sets, 
however, a more compact way expressing the data would be to apply a SNR detection 
threshold to the average SNR values of all the targets. Doing this with target detection 
defined as a SNR of greater than or equal to 2 yields the results shown in Table 2. This 
table clearly shows that when the smaller or lower-reflectivity targets are detected, it is 
with the transducers with the smaller pulse volumes. 
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Fig. 6: Amplitude response of peak noise value relative to 5/64" synthetic hard-alpha 
inclusions at 1" metal travel in Ti17 for 0.100" nominal beam diameter transducers. 
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Table 2: Example detection criteria where targets with a SNR of greater than or equal to 
2.0 are considered detectable and denoted with a 'X' in the proper column. 
Ti6-4 Ti17 
FEH 12.6% N SHA I WC 15.9% N CHA FEH I2.6%N SHA 
F (MHz) Ex (0.001") 1164" 15164" I 4164" l o.1s2" I o.o5o"xo.5" 2/64"1 1/64" I 5/64" I 4/64" 
10 100 X X X X X X X X 
7.5 100 X X X X X X X 
5 100 X X X X X 
3.5 100 X X X X X 
2.25 100 X X X X X 
5 50 X X X X X X X X X 
5 69 X X X X X X X X X 
5 100 X X X X X 
5 116 X X X X X 
5 144 X X X X 
HIGH SENSITIVITY TRANSDUCER DESIGN METHODOLGY 
When this work started, the goal was to identify the ''best" transducers for the 
inspection oftitanium alloys. What resulted was the realization that the ''best" transducer 
was in fact a definition which was relative to a given application and involved tradeoffs 
among other factors besides sensitivity. This led to the development of a design 
methodology based on the pulse volume ofthe transducer which can be used to manage 
these tradeoffs in an intelligent manner. Four important tradeoffs are illustrated in 
cartoon format in Fig. 7. The graphs there sh9w that as the pulse volume increases (1) the 
SNR of small or low-reflectivity targets decreases, (2) the amplitude response of targets 
increases relative to a known calibration standard, (3) the inspection time for a given 
volume of material decreases, and ( 4) the depth into the material where a well-formed 
beam can be placed increases. These tradeoffs can be summarized into two rules ofthumb 
depending on what material acceptance criteria is used. If a SNR based criteria is 
employed, choose the transducer with the smallest pulse volume which can still meet 
inspection "cost" guidelines. For amplitude based detection, choose the transducer with 
the largest pulse volume which brings the material noise signals below the acceptance 
threshold. It is important to remernher that the best detection of small or low-reflectivity 
targets is obtained by using SNR-based detection, and small pulse volume transducers. 
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Fig. 7: Graphical representation oftradeoffs involved in transducer selection for the 
inspection of titanium alloys. 
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CONCLUSION 
Several experimental studies have been conducted to investigate the effects of 
transducer design parameters on the sensitivity of ultrasonic inspection of large-grained 
alloys such as titanium. Sensitivity has been described by the level of target signals 
relative to those from the grains (which is typically referred to as grain noise in this 
context). These studies have shown that best sensitivity is provided by transducers with 
the smallest pulse volumes. This result is not true, however, when sensitivity is defined in 
terms of amplitude with respect to a known calibration target. In this case, the higher 
amplitude response is provided by transducers with larger pulse volumes. 
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